Dehalococcoides bacteria are the only organisms known to completely reduce chlorinated ethenes to the harmless product ethene. However, Dehalococcoides dechlorinate these chemicals more effectively and grow more robustly in mixed microbial communities than in isolation. In this study, the phylogenetic composition and gene content of a functionally stable trichloroethene-degrading microbial community was examined using metagenomic sequencing and analysis. For phylogenetic classification, contiguous sequences (contigs) longer than 2500 bp were grouped into classes according to tetranucleotide frequencies and assigned to taxa based on rRNA genes and other phylogenetic marker genes. Classes were identified for Clostridiaceae, Dehalococcoides, Desulfovibrio, Methanobacterium, Methanospirillum, as well as a Spirochete, a Synergistete, and an unknown Deltaproteobacterium. Dehalococcoides contigs were also identified based on sequence similarity to previously sequenced genomes, allowing the identification of 170 kb on contigs shorter than 2500 bp. Examination of metagenome sequences affiliated with Dehalococcoides revealed 406 genes not found in previously sequenced Dehalococcoides genomes, including 9 cobalamin biosynthesis genes related to corrin ring synthesis. This is the first time that a Dehalococcoides strain has been found to possess genes for synthesizing this cofactor critical to reductive dechlorination. Besides Dehalococcoides, several other members of this community appear to have genes for complete or near-complete cobalamin biosynthesis pathways. In all, 17 genes for putative reductive dehalogenases were identified, including 11 novel ones, all associated with Dehalococcoides. Genes for hydrogenase components (271 in total) were widespread, highlighting the importance of hydrogen metabolism in this community. PhyloChip analysis confirmed the stability of this microbial community.
Introduction
Chlorinated ethenes are common groundwater contaminants that pose human health risks (McCarty, 1997; Moran et al., 2007; US Dept. of H&HS, 2007) . PCE (tetrachloroethene) and TCE (trichloroethene) are suspected human carcinogens (US Dept. of H&HS, 2005) that have been widely used for a variety of applications, including dry cleaning and metal degreasing (Mohn and Tiedje, 1992; McCarty, 1997) . The partially dechlorinated degradation products of TCE, dichloroethene (cis-DCE and trans-DCE) and VC (vinyl chloride), are also toxic, and VC is a known human carcinogen (Kielhorn et al., 2000; US Dept. of H&HS, 2005) .
Although several groups of organisms can reductively dechlorinate PCE and TCE to the toxic intermediate DCE (Scholz-Muramatsu et al., 1995; Sharma and McCarty, 1996; Holliger et al., 1998; Luijten et al., 2003; Löffler et al., 2004) , Dehalococcoides (Dhc) species are the only organisms known to dechlorinate these compounds completely to the harmless product ethene (Maymó -Gatell et al., 1997; Smidt and de Vos, 2004) . Dhc are strictly anaerobic bacteria that use chlorinated ethenes and other chlorinated organics as electron acceptors (Maymó-Gatell et al., 1997; Smidt and de Vos, 2004) . These reductive dechlorination reactions are catalyzed by membrane-associated enzymes called reductive dehalogenases (RDases) (Smidt and de Vos, 2004) . Genome sequencing of several Dhc strains has revealed a large variety of putative RDase genes.
The complement of RDase genes varies greatly between strains and corresponds to variation in dechlorination abilities (Kube et al., 2005; Seshadri et al., 2005; McMurdie et al., 2009; Lee et al., 2011) . Further, the suite of Dhc RDase genes that have been tied to functional activity are far fewer, currently numbering six in all (pceA, tceA, vcrA, bvcA, cbrA and mbrA) (Magnuson et al., 1998 (Magnuson et al., , 2000 KrajmalnikBrown et al., 2004; Mü ller et al., 2004; Adrian et al., 2007; Chow et al., 2010) .
Dhc species have been found to grow more robustly and reduce chlorinated organics more effectively when grown in mixed communities rather than in isolation (Maymó -Gatell et al., 1997; He et al., 2007) . This may be due to Dhc's stringent metabolic needs. For example, in addition to requiring chlorinated organics as terminal electron acceptors, all known Dhc species obligately use hydrogen as an electron donor and acetate as a carbon source (Maymó-Gatell et al., 1997; Adrian et al., 2000; He et al., 2003) . Further, although cobalamin is a necessary cofactor for RDases (Smidt and de Vos, 2004) , no Dhc strains have been reported to be capable of synthesizing cobalamin de novo (Kube et al., 2005; Seshadri et al., 2005; He et al., 2007) . Previously sequenced Dhc strains have genes encoding for enzymes in the second part of the cobalamin biosynthesis pathway, lower ligand attachment and rearrangement (Maymó -Gatell et al., 1997; Kube et al., 2005; McMurdie et al., 2009) , but not for the first part of the pathway, corrin ring synthesis. Even when Dhc isolates are provided sufficient hydrogen, acetate and cobalamin, they do not grow or dechlorinate as robustly as when grown in mixed communities or defined consortia (He et al., 2007; Lee et al., 2011; Men et al., 2012) .
The dechlorinating community studied here is an enrichment culture that has been stably dechlorinating TCE to ethene for over 10 years. This culture was derived from sediment collected at the Alameda Naval Air Station and is referred to as ANAS (Richardson et al., 2002) . The phylogenetic composition of ANAS has been studied using clone libraries (Richardson et al., 2002; Lee et al., 2006) , and the Dhc strains in ANAS have been analyzed using quantitative PCR and whole-genome microarrays West et al., 2008; Lee et al., 2011) . ANAS contains two Dhc strains, which have recently been isolated Lee et al., 2011) . A comparative genomics analysis showed these strains to have very similar core genomes, but different RDase genes, with correspondingly different dechlorination abilities (Lee et al., 2011) .
Metagenomic sequencing analysis is used in this study to examine the Dhc component in the context of the ANAS microbial community. Metagenomic data provide a broad view of the genetic composition of a community, including information about the identity and potential metabolic capabilities of community members. Metagenomic approaches have been used to study a variety of microbial communities, including those inhabiting termite guts, human intestines, wastewater treatment plants and acid mines (Tyson et al., 2004; Gill et al., 2006; Warnecke et al., 2007; Sanapareddy et al., 2009 ). In the case of dechlorinating communities, metagenomic data can provide insights into the organisms that support dechlorination activity (Waller, 2009) .
In this study, we identify and examine DNA sequences of Dhc and other ANAS community members from metagenomic sequence data. We also focus on three categories of functional genes related to dechlorination activity: genes for RDases, genes for cobalamin biosynthesis enzymes and genes for hydrogenases. Cobalamin biosynthesis was targeted because cobalamin is a required cofactor for RDases (Smidt and de Vos, 2004) . Hydrogenases, which catalyze the reversible oxidation of molecular hydrogen, were targeted because Dhc couple reductive dechlorination to hydrogen oxidation (Maymó -Gatell et al., 1997; Adrian et al., 2000; He et al., 2003) .
Materials and methods
ANAS enrichment culture and DNA sample preparation Culture conditions and maintenance procedures for ANAS have been described previously (Richardson et al., 2002) . Briefly, 350 ml of culture was grown at 25-28 1C and 1.8 atm with a N 2 -CO 2 (90:10) headspace in a 1.5 l continuously stirred semi-batch reactor. The culture was amended with 13 ml TCE and 25 mM lactate every 14 days.
Cells were collected from 30 ml culture samples by vacuum filtration onto hydrophilic Durapore membrane filters (0.22 mm pore size, 47 mm diameter (Millipores, Billerica, MA, USA)), and filters were stored in 2 ml microcentrifuge tubes at À80 1C until further processing. For PhyloChip experiments, samples were collected from the same time point (27 h) from three different 14-day cycles of the culture to achieve biological triplication. For metagenomic sequencing, samples from the same time point (27 h) from four different feeding cycles were pooled to collect enough material for sequencing. Total nucleic acids were extracted from frozen filters using a modified version of the bead beating and phenol extraction method described previously (West et al., 2008) .
Metagenome sequencing, assembly and annotation Metagenome sequencing, assembly and annotation were performed at the Department of Energy Joint Genome Institute (JGI). A combination of 454-Titanium sequencing (453 944 reads) and paired-end short-insert Sanger sequencing (76 272 mate pairs, approximate insert size 3 kb) was used. 454-Titanium sequencing reads were assembled into contiguous sequences (contigs) using Newbler (454 Life Sciences, Roche Applied Sciences, Branford, CT, USA).
Those contigs were shredded to resemble overlapping Sanger sequencing reads, which were then combined into an assembly with the paired-end Sanger sequencing reads using the Paracel Genome Assembler (Paracel Inc., Pasadena, CA, USA). Similar methods have been used by other researchers to combine Sanger and 454-Titanium sequencing data (Goldberg et al., 2006; Woyke et al., 2009) . The contigs resulting from this second assembly, as well as Sanger reads and Newbler contigs that could not be further assembled, were annotated through a version of the JGI microbial annotation pipeline (Mavromatis et al., 2009) adapted to metagenomes, which includes prediction of protein coding and RNA genes and product naming. Annotation was automated and no manual annotation was preformed. Data were loaded into the Integrated Microbial Genomes with Microbiome Samples (IMG/M) database (Markowitz et al., 2010) and used in the following analyses.
Analysis of metagenomic sequence data Identification of Dhc contigs by sequence similarity (SS). Dhc contigs were identified in a two-stage SS process. In the first stage, contigs were identified by comparison to previously sequenced Dhc reference genomes (Dhc strains 195, BAV1, CBDB1, VS and GT). Reference genome sequences were retrieved from the National Center for Biotechnology Information (NCBI) genomes database (ftp://ftp.ncbi.nlm. nih.gov/genomes), and blastn (Zhang et al., 2000) was used to compare the reference genome sequences against a database of all metagenome contig sequences. For each reference genome, the top 250 BLAST hit contigs were selected for the secondstage comparison (at this cutoff, additional contigs did not expand the useful contig set), where their identities were checked by comparison with the NCBI genomes database using megablast (Zhang et al., 2000) . All contigs whose top BLAST hit (lowest expect value) in the genomes database was to Dhc were selected and expect values were checked for significance. For all contigs identified as Dhc, the expect value of the identifying BLAST hit was p 10 À35 .
Classification of ANAS contigs by tetranucleotide frequencies (TF). ANAS contigs larger than 2500 bp were grouped by TF using a procedure based on one described by Dick et al., (2009) with some modifications described in the Supplementary Information.
Comparisons to reference genomes and identification of novel Dhc genes. To identify regions of similarity and difference between a set of metagenome contigs and a reference genome, each contig in the set was compared with the reference genome using blastn, with an expect value cutoff of 10 À12 unless otherwise stated. Based on the results of these searches, aligning and non-aligning regions were identified in the contigs and the reference genome. Two measures of overall similarity between contigs and reference are reported. The first, contig match, is the percentage of total bases in all contigs that are part of an alignment to the reference genome. The second, reference match, is the percentage of bases in the reference genome that are part of an alignment to some contig in the set.
To identify contig regions containing potentially novel Dhc genes, Dhc metagenome contigs were compared with five sequenced Dhc genomes (strains 195, BAV1, CBDB1, VS and GT) that were publicly available in August 2010. Contig regions that were not in alignments to any reference genomes and were over 100 bases in length were investigated further. A less stringent expect value cutoff (10 À6 ) was used to ensure that only low similarity regions were left unaligned and were included in the analysis. All annotated genes contained in the non-aligning regions, or overlapping the regions by at least five bases, were identified as novel.
Confirmation of novel Dhc genes in Dhc isolates from ANAS Selected novel Dhc genes identified in the metagenome were amplified and sequenced from Dhc strains previously isolated from ANAS. Primers were designed based on the metagenome gene sequence using Primer3 (Table 1) . PCR reactions were performed in 0.2 ml tubes in using Qiagen Taq DNA Polymerase. The thermocycler program was as follows: 12 min at 94 1C; 40 cycles of 1 min at 94 1C, 45 s at the annealing temperature (Table 1) and 2 min at 72 1C; 12 min at 72 1C. gDNA (genomic (Markowitz et al., 2008b) .
Dhc in ANAS
Identification of Dhc contigs. The SS method identified 301 contigs as Dhc. In the TF analysis, one class containing 45 contigs was identified as Dhc, based on the presence of 16S and 23S rRNA genes that were 100% and 99% identical to those of Dhc strain 195. The Dhc contigs identified by SS and by TF were compared to evaluate the two methods. Of the 301 Dhc contigs (1 810 488 bp total) identified by SS, 49 (1 643 099 bp total) were sufficiently long (4 2500 bp) for classification by TF. Of those, the TF method classified 45 as Dhc (the class of 45 identified above) and one (ANASMEC_C10442) as a Synergistete, leaving three (ANASMEC_C5086, ANASMEC_C818 and ANASMEC_C10029) unclassified.
The four contigs identified by SS but not by TF were further examined to determine possible reasons for the discrepancy. The BLAST alignments identifying these contigs by SS covered 25% or less of each contig's length. In the non-aligning sequence regions, two contigs (ANASMEC_5086 and ANASMEC_C818) contained several phage-related genes and recombinases, indicating possible horizontal DNA transfer, which could explain non-Dhc TF classification of sequences from a Dhc genome. The other contigs (ANASMEC_C10029 and ANASMEC_C10442) did not contain genes that were obvious indicators of horizontal transfer, although this does not rule out that explanation. Misassembly may also be responsible for the presence of both Dhc and non-Dhc sequence in these contigs. Given this uncertainty, the following analyses consider contigs identified by TF and SS separately, and make special note when these four contigs are relevant to a particular analysis.
Identification of novel Dhc genes. Of 406 novel genes, 184 with annotated functions (Supplementary Table S1 ), were identified on 26 contigs (15 identified as Dhc by both TF and SS, 4 identified by SS alone as described above and 7 that were too short for TF analysis but were identified by SS) (Figure 1 ). The most surprising finding was the presence of nine genes predicted to be involved in corrin ring synthesis, the first half of the cobalamin biosynthesis pathway.
The corrin ring synthesis genes are on contig ANASEMC_C6240, which was identified as Dhc by PCR amplification and sequencing were used to confirm the presence of three of the cobalamin biosynthesis genes in Dhc strains previously isolated from ANAS. Genes tested included two from the apparent cobalamin biosynthesis operon (cbiD and cbiF) and the one from elsewhere on the same contig (cbiC). All three genes were successfully amplified and sequenced from gDNA from Dhc strain ANAS2 as well as from ANAS metagenomic DNA but not from Dhc strain ANAS1 or strain 195. Sequences had 99.6-100% nucleotide identity with corresponding metagenome sequences. Amplification with the primers for cbiF produced products of a different size than the target sequence, when gDNA from Dhc strain ANAS1 or strain 195 was used as the template. Sequencing of PCR products confirmed that these were a different sequence from the target, the result of non-specific primer binding.
Several other groups of genes are well represented among the novel Dhc genes identified here. A total of 15 novel genes for ABC-transporter components were identified, including 13 on the same contig as the corrin ring synthesis genes. In all, 15 genes for phage proteins and 14 genes for recombinases were also present. A total of 11 novel genes for RDases were identified. However, for one RDase, the firstthird of the gene matched (98% ID) the Dhc strain 195 gene DET0088, an RDase domain gene, which is approximately one-third the length of a typical RDase gene. Together with the remaining two-thirds of the RDase gene, this appears to be a full-length novel Dhc RDase gene in the ANAS metagenome.
Metagenome coverage of Dhc genes detected by microarray. Metagenome coverage of Dhc genes was assessed by comparison with results from a previous comparative genomics study performed with microarrays targeting 98.6% of annotated genes in Dhc strains 195, BAV1, CBDB1 and VS (Lee et al., 2011) . Coverage was evaluated by identifying Dhc genes detected in ANAS by the microarray analysis and determining which of those genes were present in the metagenome sequences (Figure 4) . Presence of Dhc genes in the metagenome was determined by blastn comparisons of the genome sequences of Dhc strains 195, BAV1, CBDB1 and VS to all metagenome contigs (expect value cutoff of 1 Â 10 À12 ). The metagenome contigs contained 96.2% (1311 of 1363) of the genes identified as present by the microarray analysis. Another 3.4% (47 genes) were partially present, overlapping the contig end. Only 5 of the 1363 Dhc genes identified by microarray were not found in any of metagenome contigs. These were all genes from the Dhc195 genome, and include fabG (DET1277), nusB (DET1278) and three genes coding for hypothetical proteins (DET0768, DET1405 and DET1406). Based on the alignment of the metagenome contigs to the Dhc 195 genome, these genes appear to fall in gaps between contigs. Blastn comparisons of these genes to the raw sequencing reads revealed that all five genes had significant alignments (expect value o 1 Â 10 À50 ) to 454-Titanium sequencing reads but not to Sanger Figure 2 Operon structure for genes for the first (corrin ring synthesis) part of the cobalamin biosynthesis pathway identified in an ANAS metagenome contig associated with Dhc. Genes in white are the corrin ring synthesis genes, labeled with the gene name. Genes with hatching are genes for ABC-transporter components. Figure 3 Evidence for the association of contig ANASMEC_C6240 (containing cobalamin biosynthesis genes) with Dhc. (a) The top bar shows how different segments of the contig were grouped with Dhc based on TF analysis, whereas (b) the bottom bar shows which parts of the contig aligned with previously sequenced Dhc genomes (magenta matches Dhc and green does not). The location of the apparent cobalamin biosynthesis operon is indicated and has a Dhc TF composition but does not align to previously sequenced Dhc genomes.
sequencing reads, indicating that they were missed by Sanger sequencing.
Co-assembly of sequence from distinct Dhc strains. Comparisons to the previous comparative genomics microarray analysis (Lee et al., 2011) were also used to determine whether sequences from the two distinct Dhc strains were co-assembled in the metagenome. The presence of two different Dhc strains (ANAS1 and ANAS2) in the ANAS community has been established previously Lee et al., 2011) , and the previous study identified 60 genes distinct to ANAS1 and 36 genes distinct to ANAS2 (Lee et al., 2011) . The metagenome contigs containing these non-shared genes were identified using BLAST and identifications were confirmed by BLAST comparison of metagenome sequences to the NCBI non-redundant nucleotide database. Although all genes analyzed had significant (expect value o 10 À12 ) alignments in the contigs, we also required alignment of at least 75% of gene length for positive identification for this analysis. Five genes distinct to ANAS1 failed this alignment length requirement and were not considered. Six contigs, representing 541 431 bp combined, were found to be co-assembled because each contained at least one gene distinct to ANAS1 and one gene distinct to ANAS2. In total, 17 contigs contained genes distinct to ANAS1, and 15 contigs contained genes distinct to ANAS2.
ANAS community structure TF classification of metagenome contigs. TF was used to analyze all contigs longer than 2500 bp, comprising 2323 contigs representing 46% of the total sequence length of all contigs. Of these contigs, 95% were classified into 10 classes (Table 2) . 141 contigs were left unclassified because they did not cluster with other contigs.
Based on 16S and 23S rRNA genes present on the contigs, 7 of the 10 classes were attributed to the following taxa: a Clostridiaceae, Dhc, Desulfovibrio (23S only), Methanobacterium, Methanospirillum, a Spirochete, and a Synergistete. The remaining three classes did not contain 16S or 23S rRNA genes. Notably, an additional contig (ANASMEC_C9204) (Markowitz et al., 2008a) were used to try to identify the remaining three classes. One class was identified as a Deltaproteobacterium, likely from the Desulfovibrionales order. Marker genes in Class 6 did not give a clear identification, and Class 9 contained no marker genes.
Comparisons with previously sequenced reference genomes. Contig classes were compared with relevant reference genomes in the NCBI genomes database (accessed September 2010). Desulfovibrio and Methanospirillum contigs were compared with fully sequenced genomes from the same genus. Methanobacterium contigs were compared with genomes of members of the Methanobacteriaceae family. Clostridiaceae contigs were compared with Clostridium genomes (most similar genus based on 16S and 23S sequences). Comparisons were not performed for the Spirochete, Synergistete, or unknown Deltaproteobacterium contigs because sufficiently close relatives (same family or genus) could not be identified.
Dhc contigs had the most similarity to reference genomes, whereas Clostridiaceae and Methanobacterium contigs had o 4% contig match (percent of contig bases in alignments to reference genome) or reference match (percent of reference genome bases in alignments to contigs) ( Table 3, Supplementary Table S2 ). For comparison, it is useful to consider what these values are for a set of contigs compared with a reference genome that is not closely related. A comparison of the Dhc contigs to seven Desulfovibrio reference genomes results in contig matches and reference matches of 0.1% to 0.2%. For Methanospirillum contigs, the disparity between contig match and reference match is probably due to poor sequencing coverage (0.5 Mbp compared with 3.5 Mbp for Methanospirillum hungatei).
Metabolic functions in ANAS Metagenome gene content overview. The ANAS metagenome contains 60 992 putative proteincoding genes. Of these, 36 101 could be assigned to clusters of orthologous groups, and 32 520 of those were assigned to categories beyond general function prediction (Supplementary Table S3 ).
Three types of functional genes related to dechlorination (genes directly involved in dechlorination, genes involved in cobalamin biosynthesis and genes involved in hydrogen production and consumption) were selected for further analysis because they may provide insight into the dechlorinating abilities of this community and the interactions between community members that result in an efficient dechlorinating consortium.
Reductive dechlorination. A total of 15 putative RDase genes located on six contigs were identified in the JGI annotation of the ANAS metagenome contigs (Supplementary Table S4 ). In addition, three RDase genes identified by previous microarray analysis ( Lee et al., 2011) but not annotated in the JGI annotation were found by BLAST search on an additional contig (ANASMEC_C7898) and gene identities were confirmed by comparison to the NCBI non-redundant nucleotide database. Two of these were present as full-length RDase genes. The third, matching Dhc strain 195 gene DET1535, was present as two partial RDase genes disrupted by an apparent frame-shift mutation. Of the seven contigs containing RDase genes, six were identified as Dhc by both SS and TF. The remaining contig (ANA-SMEC_C818), which contained only one RDase gene, was identified as Dhc by the SS method, but was left unclassified in the TF analysis. This contig had significant SS to Dhc strain 195 over approximately 25% of its length, including the RDase gene region. The non-aligning contig regions contained recombinases and phage-related genes, indicating possible horizontal transfer and perhaps accounting for the atypical tetranucleotide composition.
Of the 17 full-length RDase genes identified, 7 were matched to putative RDase genes in the NCBI non-redundant protein database (X98% amino acid Reference match is the percentage of total bases in the reference genome that are part of an alignment to some contig in the set.
Dechlorinating community metagenome VL Brisson et al ID). Together with the partial RDase genes mentioned above, which match DET1535 (97% amino acid ID), these correspond to the eight RDase genes identified as present in ANAS (or Dhc isolates from ANAS) by the previous microarray study (Lee et al., 2011) . These include two (tceA and vcrA) that have been linked to enzymes with demonstrated RDase activity, and one (DET0088) that appears as a truncated RDase gene in Dhc strain 195, but which is extended to a full-length novel RDase gene in the ANAS metagenome as noted above. Of the other ten putative RDase genes, one had 91% amino-acid identity to another putative RDase, and the remaining nine had less than 70% identity to any sequences in the NCBI protein database as of July 2011.
Cobalamin biosynthesis. In total, 20 genes along the first (corrin ring synthesis) and second (lower ligand attachment and rearrangement) parts of the cobalamin biosynthesis pathway were targeted for analysis (Kanehisa and Goto, 2000; Warren et al., 2002) . Near-complete cobalamin biosynthesis pathways appear to be present in the Dhc, Methanobacterium and Clostridiaceae classes (Table 4,  Supplementary Table S5) . Genes for incomplete biosynthesis pathways were identified in both the ANAS Desulfovibrio and Methanospirillum contigs. However, the total sequence length of these contig classes is significantly smaller than would be expected for a full genome (Desulfovibrio contigs, 2249 123 bp total, represent 43-78% of the length of sequenced Desulfovibrio genomes; Methanospirillum contigs, 421 953 bp total, represent 12% of the length of the Methanospirillum hungatei genome), indicating incomplete coverage.
Hydrogen production and consumption. Hydrogenases, enzymes that catalyze the reversible oxidation of molecular hydrogen, appear to be widespread in the ANAS community, with 271 genes annotated as hydrogenase components (Supplementary Table S6 ). Of those, 126 genes were present on contigs that were large enough for classification by TF, spread across all classes except the Methanospirillum class. However, this is likely a false negative result given the low coverage of this genome as described above. Methanospirillum are expected to have genes for hydrogenases used in methanogenesis (Madigan et al., 2008) . Of the 126 hydrogenase genes in large contigs, the Methanobacterium class had the largest proportion (36 genes), followed by the Desulfovibrio class (26 genes) and Dhc (17 genes). The Clostridiaceae class contained only three genes for hydrogenase components.
PhyloChip analysis of ANAS community composition
PhyloChip analysis of metagenomic DNA identified 1056 bacterial and archaeal taxa in ANAS (37 bacterial phyla, 2 archaeal phyla) (Supplementary Table S7 ). Of these, 285 taxa were identified as highly active by detection when hybridizing RNA to the PhyloChip (29 bacterial phyla, 2 archaeal phyla) (Supplementary Table S8 ).
The community composition of ANAS as detected by DNA PhyloChip experiments remained stable between the three feeding cycles sampled (mean coefficient of variation for normalized signal intensity: 0.083). The greatest variation was seen for taxa with the lowest average signal intensity. A total of 11 taxa, all among the lowest 5% of average signal intensity, had coefficients of variation X0.20. The highest coefficient of variation (0.48) was for a Methanosarcinaceae.
The highly active taxa (taxa detected by RNA PhyloChip experiments) were also stable between the three sampling time points (mean coefficient of variation: 0.085). Only four taxa, the four Methanobacteriaceae detected, had coefficients of variation 4 0.20 for the RNA PhyloChip experiments. These had coefficients of variation ranging from 0.24 to 0.36 and fell within the lowest 15% of signal intensity.
For all contig class taxa (Clostridiaceae, Dhc, Desulfovibrio, Deltaproteobacteria, Methanobacterium, Methanospirillum, Spirochetes and Synergistetes) except for Methanospirillum, representatives of the same taxa were detected as both present and active by PhyloChip experiments using DNA and RNA, respectively. Representatives of all bacterial contig class taxa were among the highest 10% of average signal intensity in DNA PhyloChip experiments, consistent with these taxa being dominant members of the community. However, all Methanobacterium detected were among the lowest 15% of signal intensity, and Methanospirillum were not detected by the PhyloChips. In the RNA PhyloChip experiments, Dhc was the only contig class taxa among the top 10% of signal intensity, although several Clostridiales not identified as Clostridiaceae were also in this most active group. One Spirochete also appeared in the top 15% of signal intensity.
Discussion
In this study, metagenomic sequencing and analysis were used to examine the phylogenetic composition of ANAS and the genes present in the dominant community members, with a focus on Dhc. Although Dhc and non-Dhc metagenome contigs were classified based on TF, an alternative SS approach was also used to identify Dhc contigs. Both approaches have advantages: SS can identify smaller contigs, whereas TF works even when closely related reference genomes are unavailable.
Metagenomic analysis has provided some insight into the functions and interactions of different community members in the context of overall TCE dechlorination activity. The widespread presence of genes for hydrogenases emphasizes the importance 
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Dechlorinating community metagenome VL Brisson et al of hydrogen metabolism in this community. In the ANAS bioreactor, lactate is fermented to acetate and hydrogen, which are used by Dhc and by other organisms. Because hydrogenases can catalyze both the formation and degradation of molecular hydrogen, the presence of hydrogenase genes does not differentiate the organisms that are producing hydrogen from those that are consuming it. Based on knowledge of other organisms in these taxonomic groups, however, the Clostridiaceae, the Desulfovibrio and the Spirochete are potential fermenters that produce hydrogen, although some may also be homoacetogens, consuming hydrogen and carbon dioxide to produce acetate (Leadbetter et al., 1999; Madigan et al., 2008) . The methanogens likely consume hydrogen as an electron donor, competing with Dhc (Madigan et al., 2008) . These different hydrogen producers and consumers (fermenters, homoacetogens, reductive dechlorinators and methanogens) have different thermodynamic requirements and different hydrogen thresholds. However, in this community, they appear to have developed working syntrophic relationships, allowing stable long-term dechlorination activity. With respect to dechlorination reactions, although other organisms are known to reductively dechlorinate TCE to DCE in many environments (Scholz-Muramatsu et al., 1995; Sharma and McCarty 1996; Holliger et al., 1998; Lö ffler et al., 2004) , the association of all RDase genes in the metagenome with Dhc contigs implies that Dhc is the dominant, and possibly sole dechlorinator in ANAS. Previous studies have indicated that ANAS contains two distinct Dhc strains Lee et al., 2011) . Consequently, we analyzed the metagenomic data set to determine whether sequences from these strains were co-assembled. Although co-assembly at the domain level has been reported for both real and simulated metagenomic data sets, these errors are expected to be rare and easy to identify (DeLong, 2005; Mavromatis et al., 2007) . Co-assembly of closely related species or strains is more common and more difficult to detect (Mavromatis et al., 2007; Kunin et al., 2008) . In this study, co-assembly of sequences from the two Dhc strains was detected for at least six contigs, representing 541 431 bp. Considering the similarity between these two strains (Lee et al., 2011) , this amount of co-assembly is not surprising. However, it is worth recognizing as one characteristic of this approach and highlights the importance of parallel sequencing of isolates and/or single cells to metagenome studies.
Because the medium provided for ANAS contains only 2 mgl À1 cobalamin, a lower than optimal concentration for Dhc (He et al., 2007) , cobalamin synthesis in the bioreactor is likely necessary to support the observed dechlorination abilities. Several community members, including Dhc, appear to have genes for complete or near-complete cobalamin biosynthesis pathways. Although some genes appear to be missing, not all genes identified in the pathway are necessary for de novo cobalamin synthesis. For example, Hodgkinia cicadicola, an endosymbiont of cicadas with a highly streamlined genome, retains cobalamin synthesis capabilities despite its lack of several of the enzymes in the pathway (Table 4) (McCutcheon et al., 2009) .
As previously sequenced Dhc do not have these genes and Dhc are assumed to obtain this cofactor from other organisms, the association of genes for corrin ring synthesis (the first part of cobalamin biosynthesis) with Dhc was unexpected (Kube et al., 2005; Seshadri et al., 2005; He et al., 2007) . The contig regions containing the corrin ring synthesis genes have TF compositions that were grouped with the Dhc sequences and not with any of the other contig classes (Figure 3) , implying that these genes were not recently horizontally transferred to Dhc, but have been maintained in the ANAS Dhc for some time. Given that Dhc are known to have relatively streamlined genomes (Kube et al., 2005; Seshadri et al., 2005; McMurdie et al., 2009) , it is interesting that the ANAS Dhc appear to be maintaining genes for this pathway even though other community members appear to be capable of supplying this cofactor and cobalamin has been supplied in the medium, albeit at a low level, for over 10 years. As PCR amplification and sequencing have confirmed the presence of these genes in Dhc strain ANAS2, the functionality of the Dhc cobalamin biosynthesis pathway is currently being investigated in that strain.
The description of the community composition derived from metagenomic analysis is generally consistent with those of previous 16S clone library studies (Richardson et al., 2002; Lee et al., 2006) and the PhyloChip study presented here. Overall, data from the clone libraries and metagenome sequencing agreed on the most abundant bacterial taxa, which were also detected by the PhyloChip. The PhyloChip also detected many other taxa because it is more effective at detecting low abundance organisms (Brodie et al., 2006; DeSantis et al., 2007) . This is because the PhyloChip is less sensitive to random sampling effects that impact sequencing-based approaches (Zhou et al., 2008 (Zhou et al., , 2011 . With the exception of Methanospirillum, the archaeal taxa detected in the metagenome were also detected by the PhyloChip, along with several other archaea. No archaeal clone libraries have yet been prepared for ANAS.
One notable discrepancy between the bacterial clone libraries and the metagenome was in the relative abundance of taxa detected by the two methods. Specifically, the Spirochete exhibited only low abundance (1-2% of clones) in both clone library experiments (Richardson et al., 2002; Lee et al., 2006) . Based on the median contig length and average read depth of Spirochete contigs (Table 2) however, the Spirochete appears to be one of the more abundant organisms in ANAS. Studies of other Dhc-containing dechlorinating microbial communities have also detected Spirochetes (Gu et al., 2004; Macbeth et al., 2004; Duhamel and Edwards, 2006) . Based on what is known of Spirochetes in general, they may be fermenters or homoacetogens in these communities (Leadbetter et al., 1999; Madigan et al., 2008) . Clone libraries are known to be susceptible to PCR and cloning biases (von Wintzingerode et al., 1997) , and some studies have found Spirochetes in particular to be underrepresented in some clone libraries (Campbell and Cary, 2001; Hongoh et al., 2003) . However, recent studies suggest that estimates of relative abundance based on metagenomic sequencing read depth are also biased (Amend et al., 2010; Morgan et al., 2010) .
The notable discrepancies between the metagenome and the PhyloChip results were with the methanogens. The PhyloChip did not detect any Methanospirillum, and although the read depth and contig length of the Methanobacterium contigs indicates that they were dominant community members, their low signal intensity using the PhyloChip suggests otherwise. Because these experiments involved amplification of 16S genes prior to PhyloChip hybridization, the low signal intensity may be due to poor amplification. Methanogens had the highest coefficients of variation in both the PhyloChip DNA and RNA results, lending weight to the explanation that the methanogen population is less stable than the rest of this microbial community.
In this study, we also compared the metagenome sequences with a previous comparative genomics study that used microarrays to detect known Dhc genes in ANAS (Lee et al., 2011) . The agreement between the two approaches in detecting Dhc genes (Figure 4 ) confirms that the coverage of Dhc in the metagenomic sequence data was very high. Most differences between the results of the two methods are regions of the reference Dhc genomes for which no genes were detected in ANAS by microarray, but which had an alignment in the metagenome contigs. This highlights the specificity of the microarray to detect only very closely matched sequences. Alternatively, metagenomic sequencing allows the detection of somewhat more divergent versions of genes as well as unexpected or novel genes.
This analysis of metagenomic sequence data has advanced our understanding of this dechlorinating microbial community. The phylogenetic composition of ANAS described by metagenomic sequencing generally confirms the composition described by PhyloChip and previous 16S clone library studies, with a few discrepancies in the relative abundances of some taxa and possible variability in the methanogen population. More importantly, our analysis of functional genes relevant to dechlorination provides insight into the capabilities of microbial community members. Dhc appear to be the dominant reductive dechlorinators in ANAS, as all RDase genes identified were associated with Dhc. Genes related to the synthesis of cobalamin, an important cofactor for reductive dechlorination, are present in several community members, including Dhc, highlighting the importance of this cofactor in the function of ANAS. This is the first time that genes for the first part of the cobalamin biosynthesis pathway have been identified in a Dhc strain, further highlighting the unique adaptation of the ANAS strains to reductive dechlorination, but also suggesting that the non-Dhc community members likely have additional important roles beyond cobalamin biosynthesis.
